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Q . Abstract 

, We analyze the impact of electron and positron beam polarization on radiative neutralino 

production at the International Linear Collider (ILC) . We focus on three different mSUGRA 
scenarios in turn at the Higgs strahlung threshold, the top pair production threshold, and at 
£Nj ' y/s = 500 GcV. In these scenarios at the corresponding ^/s, radiative neutralino production 

is the only supersymmetric production mechanism which is kinematically allowed. The 

■ heavier neutralinos, and charginos as well as the sleptons, squarks and gluinos are too heavy 
, to be pair produced. We calculate the signal cross section and also the Standard Model 

■ background from radiative neutrino production. For our scenarios, we obtain significances 
f^) , larger than 10 and signal to background ratios between 2% and 5%, if we have electron 

■ beam polarization P e - = 0.0 — 0.8 and positron beam polarization P e + = 0.0 — 0.3. If we 
have electron beam polarization of P e - = 0.9, then the signal is observable with P e + = 0.0 

■ but both the significance and the signal to background ratio are significantly improved for 
Oh! P e + = 0.3. 

8* 

j3 '. 1 Introduction 

> '• 

• rH , The minimal supersymmetric Standard Model (MSSM) is a promising extension of the Standard 
Model of particle physics (SM) [1-4]. If weak scale supersymmetry (SUSY) exists, it should be 
discovered at the LHC [5], which is scheduled to start in 2008. However, detailed measurements 
of the masses, decay widths, couplings, and spins of the discovered particles are only possible 
at the international linear collider (ILC) [5-9]. In the first stage of the ILC, the center-of-mass 
energy will be y/s = 500 GeV and the luminosity, C, will be 500 fb" 1 within the first four years. 

In preparing for the ILC, there is an on-going debate over the extent of beam polarization to 
be included in the initial design [6,10-13]. It is clear that there will be at least 80% polarization 
of the electron beam, possibly even 90% [14]. A polarized positron beam is technically and 
financially more involved. However, it is possible to achieve 30% polarization through the 
undulator based production of the positrons, already from the start [13]. Depending on the 
undulator length, even a higher degree of positron polarization can be achieved. In light of this 
discussion, it is the purpose of this letter to reconsider the effect of various degrees of electron and 
positron polarization on a particular supersymmetric production process, namely the radiative 
production of the lightest neutralino mass eigenstate Xi 

e + + e~ ^Xi + Xi + 7- (1) 

We shall focus on specific regions of the supersymmetric parameter space. The signal is a single, 
highly energetic photon and missing energy, carried by the neutralinos. 

The process ([I]) was previously studied within the MSSM and with general neutralino mixing 
in Refs. [15-17]. The additional effect of polarized beams was considered in Refs. [18-20]. In 



Ref. [18], it was shown that polarized beams significantly enhance the signal and simultaneously 
suppress the main SM photon background from radiative neutrino production, 
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v + v + 7 . 



(2) 



Moreover, it was pointed out that for certain regions of the MSSM parameter space, the pro- 
cess (HJ) is kinematically the only accessible SUSY production mechanism in the first stage of 
the ILC at ^fs = 500 GeV [18]. Here the heavier electroweak gauginos and the sleptons are too 
heavy to be pair produced, i.e. their masses are above 250 GeV. 

Other than the standard center-of-mass energy, ^fs = 500 GeV, at the ILC, also lower 
energies are of particular interest, namely for Higgs and top physics. Higgs strahlung, 



can be well studied at the threshold energy y/s = rrih + m^, which is ~ 220 GeV, for a Higgs 
boson mass of rrih ~ 130 GeV. The CP-quantum number and the spin of the Higgs boson can 
be determined from an energy scan of the production cross section near the threshold [22] . 

From a scan at the threshold energy of top pair production, y/s = 2rrit ~ 350 GeV, the top 
mass rrit can be determined with an error Suit < 0.1 GeV [6]. Thus the present error on the top 
mass, 5mt ~ 3 GeV [23], and the foreseen error from LHC measurements, 5rrit ~ 1 GeV [24], can 
be reduced by one order of magnitude. Also the top width, T t , and the strong coupling constant, 
a s , can be precisely determined by a multi parameter fit of the cross section, top momentum 
distribution, and forward-backward charge asymmetry near threshold [25]. 

In this letter, we take these physics questions as a motivation to study the role of polarized 
beams in radiative neutralino production at the energies -y/i = 220 GeV, 350 GeV, and 500 GeV 
at the ILC. For each beam energy, we shall focus on a specific super symmetric parameter set 
within the context of minimal supergravity grand unification (mSUGRA) [21]. We thus consider 
three mSUGRA scenarios, which we label A, B and C, respectively, and which are listed below 
in Table [T] together with the resulting spectra in Table [2l We restrict ourselves to mSUGRA 
scenarios, in order to reduce the number of free parameters and since we find it sufficient to 
illustrate our point. The specific scenarios are chosen such that radiative neutralino production 
is the only supersymmetric production mechanism which is kinematically accessible at the given 
center-of-mass energy. It is thus of particular interest to learn as much about supersymmetry 
as is possible through this mechanism. As we shall see, beam polarization is very helpful in this 
respect. 

In Sect. [21 we define the significance, the signal to background ratio and define a first set 
of experimental cuts. In Sect. [3l we study numerically the dependence of the signal cross sec- 
tion and the SM background, the significance, and the signal to background ratio on the beam 
polarization. In particular, we compare the results for different sets of beam polarizations, 
(P e+ |P e _) = (0|0), (0|0.8), (-0.3|0.8), (-0.6|0.8), (0|0.9) and (-0.3)0.9). We summarize and 
conclude in Sect. HI 

2 Definitions and Cuts 

We wish to study the beam polarization dependence of the cross sections for the signal process ([1]) 
and the background process ([2]). In the following, we define the theoretical significance as [18] 
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and the signal to background ratio (or reliability) as [18] 



r = aSignal . (5) 

^Background 

Here ^signal and ^Background shall refer to the signal and background cross sections also after the 
cuts we impose on the final state phase space. A significance of S = 1 implies that the signal 
can be measured at the statistical 68%-level. If the experimental error for the background is, 
for example, 1%, the signal to background ratio must be greater than 1% [28]. For a signal to 
be detectable at the ILC requires at least 

S > 1 and r > 1% . (6) 

We remark that these criteria can only be seen as rough estimates to judge whether an excess 
of signal photons can be measured over the background, since we do not include any detector 
simulation, with effective particle reconstruction efficiencies. A detailed Monte Carlo study is 
beyond the scope of the present work. 

For the tree- level calculation of the cross sections, we use the formulae for the amplitudes 
squared as given in Ref. [18], where details of the neutralino mixing can also be found. To 
regularize the infrared and collinear divergences of the tree-level cross sections for signal and 
background, we apply cuts on the photon scattering angle # 7 [18] 



cos6> 7 | < 0.99, (7) 



and on the photon energy Ey [18] 



m 2 jp 



0.02 <x< z = — (8) 

^bcam -^beam 

with the beam energy: -Ebcam = \fs/2. The upper cut on the photon energy x max = 1 — 
m^ /-E'b eam is the kinematical limit of radiative neutralino production, and also reduces much 
of the on-shell Z boson contribution to the background from radiative neutrino production [18]. 
We assume that the mass of the lightest neutralino m^o is known from LHC measurements [5]. 
Although m v o can be measured at the percent-level at the LHC, such a precision will not be 
required for the upper cut x max , since the endpoint of the photon energy distribution is not 
densely populated with signal events. Finally, note that the ratios S and r only weakly depend 
on the absolute values of the cuts | cos# 7 | < 0.99, and 0.02 < x, since signal and background 
have similar distributions in energy EL and angle # 7 , see Ref. [18]. 



3 Numerical Results 

We define three mSUGRA scenarios A, B, and C for the three different energies y/s = 220 GeV, 
350 GeV, and 500 GeV, respectively, see Table [TJ We choose the three scenarios in such a 
way, that only the lightest neutralinos can be radiatively produced for each of the \fs values, 
respectively. The other SUSY particles, i.e. the heavier neutralinos and charginos, as well as 
the sleptons and squarks are too heavy to be pair produced at the ILC. It is thus of paramount 
interest to have an optimal understanding of the signature ([1]), in order to learn as much as 
possible about SUSY at a given ILC beam energy. Note that in the three scenarios (A,B,C) the 
squark and gluino masses are below {600, 800, 1000} GeV, respectively and should be observable 
at the LHC [5]. 



Scenario A is related to the Snowmass point SPSla [26,27,29] by scaling the common scalar 
mass Mo, the unified gaugino mass M^, and the common trilinear coupling Aq by 0.9. Thus 
the slope Mq = —Aq = 0.4Mjy 2 remains unchanged. For scenarios B and C, we also choose 
Mq = —Aq, however we change the slopes to Mq = 0.42 M^ in scenario B, and Mq = 0.48 M 1 ^ 2 
in scenario C. For all scenarios, we fix the ratio tan/3 = 10 of the vacuum expectation values of 
the two neutral Higgs fields. In Table [U we explicitly give the relevant low energy mSUGRA 
parameters for all scenarios. These are the U(l) and SU{2) gaugino mass parameters M\ and 
M2, respectively, and the higgsino mass parameter fi. The masses of the light neutralinos, 
charginos, and sleptons are given in Table [2j All parameters and masses are calculated at 
one-loop order with the computer code SPheno [30] . 

Note that the lightest neutralino, x§> is mostly bino in all three scenarios; 98% in scenario 
A, 99.1% in scenario B, and 99.5% in scenario C. Thus in our scenarios, radiative neutralino 
production proceeds mainly via right selectron exchange in the t and u channel. Left selectron 
exchange and Z boson exchange are severely suppressed [18]. The background process e + e~ — > 
vD'y mainly proceeds via W boson exchange. Thus positive electron beam polarization P e - > 
and negative positron beam polarization P e + < should enhance the signal rate and reduce 
the background at the same time [18, 19]. This effect is clearly observed in Figs. [TJ [2j and [3] 
for all scenarios. The signal cross section and the background vary by more than one order of 
magnitude over the full polarization range. 



Table 1: Definition of the mSUGRA scenarios A, B, and C. All values are given in GeV. We have fixed 
tan/3 = 10. For completeness we have included the corresponding value of y/s for each scenario. 



scenario 




Mq 


M X /2 


Aq 


Mi 


M 2 


/J 


A 


220 


90 


225 


-90 


97.5 


188 


316 


B 


350 


135 


325 


-135 


143 


272 


444 


C 


500 


200 


415 


-200 


184 


349 


560 



Table 2: Spectrum of the lighter SUSY particles for scenarios A, B, and C, calculated with SPheno [30]. 
All values are given in GeV. For completeness we have included the corresponding value of ^/s for each 
scenario. 



scenario 




mo 




m ± 

Al 


m fl 


m- eR 


mg L 


ma 


A 


220 


92.4 


172 


172 


124 


133 


189 


171 


B 


350 


138 


263 


263 


183 


191 


270 


258 


C 


500 


180 


344 


344 


253 


261 


356 


347 



For 



scenario 

00^0 



A, we show the beam polarization dependence of the signal cross section 



XiXil) i R Fig- l( a ) an d the dependence of the background cross section <r(e + e 



vD'y) in Fig. 1(b) In both cases we have implemented the cuts of Eqs. (J7]) and ([8]). The contour 
lines in the P e ~-P e + plane of the significance S, Eq. and the signal to background ratio r, 
Eq. ([5]), are shown in Figs. 1(c) and 1(d) respectively. The results for scenario B are shown in 
Fig. [21 and those for scenario C are shown in Fig. [3j 
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Table 3: Effective polarization P c fj, cross sections a, significance S, and signal to background 
ratio r for different beam polarizations (P e +\P e ~) for Scenario A at y/s = 220 GeV, with C = 
500 fb -1 . 



Scenario A 


(0|0) 


(0|0.8) 


(-0.3|0.8) 


(-0.6|0.8) 


(0|0.9) 


(-0.3(0.9) 


P e _ -p + 

Pett — i_p _p 

e e> 





0.8 


0.89 


0.95 


0.9 


0.94 


cr(e+e- -> XiX?7) 


6.7 fb 


12 fb 


16 fb 


19 fb 


13 fb 


16 fb 


cr(e + e~ — ► uuj) 


2685 fb 


652 fb 


534 fb 


416 fb 


398 fb 


360 fb 


S 


2.9 


10 


15 


20 


14 


19 


r 


0.3% 


1.8% 


2.9% 


4.6% 


3.2% 


4.6% 



Table 4: Effective polarization P e g, Cross sections a, significance S, and signal to background 
ratio r for different beam polarizations (P e +|P e -) for Scenario B at y/s = 350 GeV, with C = 
500 fb -1 . 



Scenario B 


(0(0) 


(0(0.8) 


(-0.3(0.8) 


(-0.6(0.8) 


(0(0.9) 


(-0.3(0.9) 


P e --P + 
Pea - i-p e _p e+ 





0.8 


0.89 


0.95 


0.9 


0.94 


a{e + e~ -> XiXh) 


5.5 fb 


9.6 fb 


13 fb 


15 fb 


10.2 fb 


13.3 fb 


a(e + e~ — > vv^j) 


3064 fb 


651 fb 


481 fb 


312 fb 


350 fb 


272 fb 


S 


2.2 


8.4 


13 


19 


12 


18 


r 


0.2% 


1.5% 


2.6% 


4.9% 


2.9% 


4.9% 



Table 5: Effective polarization P e g, Cross sections a, significance S, and signal to background 
ratio r for different beam polarizations (P e +\P e -) for Scenario C at y/s = 500 GeV, with C = 
500 fb" 1 . 



Scenario C 


(0(0) 


(0(0.8) 


(-0.3(0.8) 


(-0.6(0.8) 


(0(0.9) 


(-0.3(0.9) 


P e _ -p + 

PeS - l-p e _p e+ 





0.8 


0.89 


0.95 


0.9 


0.94 


cr(e+e~ -> XiXiT) 


4.7 fb 


8.2 fb 


11 fb 


13 fb 


8.6 fb 


11.2 fb 


cr(e + e~ — > vv^f) 


3354 fb 


689 fb 


495 fb 


301 fb 


356 fb 


263 fb 


S 


1.8 


7 


11 


17 


10 


15 


r 


0.1% 


1.2% 


2.2% 


4.4% 


2.4% 


4.3% 



In order to quantify the behavior, we give the values for the signal and background cross 
sections, the significance S and the signal to background ratio r for a specific set of beam po- 
larizations (P e +\P e -) = (0(0), (0(0.8), (-0.3(0.8), (-0.6(0.8), (0(0.9), and (-0.3(0.9) in TablesEJ 
HI [5] for the scenarios A, B, and C, respectively. In the Tables, we also give the values for the 
effective beam polarization 

which is a helpful quantity for discussing combined polarizations when the electron and the 
positron beam polarizations have the opposite sign. For example, a double beam polarization 



of P e - = 0.8 and P e + = —0.3 acts effectively as (approximately) P e - = 0.89 of single beam 
polarization [31]. We find that an additional positron polarization P e + = —30% enhances 
the significance S by factors {1.5,1.5,1.6} in scenarios {A, B,C}, respectively, compared to 
beams with only e~ polarization (P e +\P e -) = (0| 0.8) , and by factors {1.4, 1.5, 1.5} in scenarios 
{A,B,C}, respectively, for (P e+ \P e -) = (— 0.3|0.9) compared to (P e +\P e -) = (0|0.9). The signal 
to background ratio r is enhanced by {1.7,1.7,1.8} for (P e +\P e -) = (— 0.3| 0.8) compared to 
(P e +\P e -) = (0|0.8) and by {1.4,1.7,1.8} for (P e+ \P e -) = (— 0.3|0.9) compared to (P e +\P e -) = 
(0| 0.9) . If the positron beams would be polarized by P e + = —60%, the enhancement factors 
for S are {2,2.3,2.4}, and for r they are {2.5,3.2,3.6}. For P e - = 0.8, it is only with positron 
polarization that we obtain values of r clearly above 1%. If we have P e - = 0.9, then r exceeds 
1% without positron beam polarization. 

Since the neutralinos are mainly bino, the signal cross section also depends sensitively on the 
mass rrie R of the right selectron. In scenarios {A, B, C} the masses are mg R = {133, 191, 261} GeV, 
respectively, see Table [2j For larger masses, the signal to background ratio drops below r < 1%. 
With (P e+ \P e -) = (-0.3|0.8), this happens for m- eR = {214,300,390} GeV, and the sig- 
nificance would be S < 5. These selectron masses correspond to the mSUGRA parameter 
M = {190,270,350} GeV. 

Note on Wino- and Higgsino-like neutralinos 

In anomaly mediated supersymmetry breaking (AMSB) scenarios, the gaugino mass parame- 
ters are roughly related by M\ ~ 2.8M2 at the weak scale [32]. As a consequence, the lightest 
neutralino is wino like, and left slepton exchange is enhanced in the reaction e + e~ — > XiXil- 
Therefore, it is no longer possible to increase the signal and to reduce the background simulta- 
neously by a suitable choice of beam polarizations. In AMSB scenarios, also mo > 400 GeV is 
bounded from below [33] and rather large. For smaller mo, either the lightest stau is the LSP 
or sleptons would already have been observed. The relatively heavy selectrons lead then to a 
suppression of the cross section for radiative neutralino production. For example in the scenario 
SPS9 [26,27] with m = 450 GeV and m e ~ L = 387 GeV, m e - fl = 375 GeV, m fl = 349 GeV, calcu- 
lated with SPheno [30], we find that the significance is S < 1 and the signal to background ratio 
r < 0.03%, for various values of the beam polarizations at \fs = 500 GeV. Finally, in AMSB sce- 
narios the lightest neutralino Xi is nearly mass degenerate with the lightest chargino . Thus, 
if the radiative production of neutralinos is kinematically accessible, also the pair production of 
charginos e + e~ — ► X\X\ can De weu observed. In this context it is interesting to note that the 
radiative production of charginos e + e~ — ► X1X1I might be important, if the charginos decay 
almost invisibly [34]. This could happen, if the neutralino-chargino mass difference is such, that 
the charginos decay into rather soft pions x~[ — > Xi n:iz - 

The cross section of radiative neutralino production is also small in models, where the lightest 
neutralino is higgsino-like, i.e. fi >C M2. For example, for fi < 300 GeV and Mi > 500 GeV 
we find S < 1 and a(e + e~ — > XiXil) < 1 fb, since the gaugino couplings of the neutralino are 
suppressed. The couplings of the neutralino to the Z-boson are proportional to the squared 
difference of the higgsino couplings, | iVi3 1 2 — | iVi4 1 2 see Ref. [18], and thus too small to lead to 
an observable signal. 

4 Summary and Conclusions 

We have studied radiative neutralino production e + e~ — ► X1X1I a t the ILC with longitudinally 
polarized beams. For the center-of-mass energies = 220 GeV, 350 GeV, and 500 GeV, we 



have considered three specific mSUGRA inspired scenarios. In our scenarios, only radiative 
neutralino production is kinematically accessible, since the other supersymmetric particles are 
too heavy to be pair produced. We have investigated the beam polarization dependence of the 
cross section from radiative neutralino production and the background form radiative neutrino 
production e + e~ — > vv^. 

We have shown that polarized beams enhance the signal and suppress the background simul- 
taneously and significantly. In our scenarios, the signal cross section for (P e +\P e -) = (— 0.3|0.8) 
is larger than 10 fb, the significance S > 10, and the signal to background ratio is about 2 — 3%. 
The background cross section can be reduced to 500 fb. Increasing the positron beam polariza- 
tion to P e + = —0.6, both the signal cross section and the significance increase by about 25%, 
in our scenarios. For (P e +\P e -) = (0.0| 0.9) the radiative neutralino production signature is 
observable at the ILC but both the significance and the signal to background ratio are consid- 
erable improved for (P e +\P e -) = (— 0.3|0.9), making more detailed investigations possible. The 
electron and positron beam polarization at the ILC are thus essential tools to observe radiative 
neutralino production. For unpolarized beams this process cannot be measured. 

We conclude that radiative neutralino production can and should be studied at y/s = 
500 GeV, as well as at the lower energies y/s = 220 GeV and y/s = 350 GeV, which are 
relevant for Higgs and top physics. We have shown that for these energies there are scenarios, 
where other SUSY particles like heavier neutralinos, charginos and sleptons are too heavy to be 
pair produced. In any case, a pair of radiatively produced neutralinos is the lightest accessible 
state of SUSY particles to be produced at the linear collider. 
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Figure 1: Signal cross section (a), background cross section (b), significance (c), and signal to 
background ratio (d) for yfs = 220 GeV, and an integrated luminosity C = 500 fb" 1 for scenario 
A: M = 90 GeV, M 1/2 = 225 GeV, A = -90 GeV, and tan /J = 10, see Tables CD and [2 
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(a) Signal cross section a(e + e — > XiXif) m ft>- (b) Background cross section a(e + e — * vvy) in fb. 




Figure 2: Signal cross section (a), background cross section (b), significance (c), and signal to 
background ratio (d) for \fs = 350 GeV, and an integrated luminosity C = 500 fb" 1 for scenario 
B: M = 135 GeV, M 1/2 = 325 GeV, A = -135 GeV, and tan/3 = 10, see Tables ED and El 
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(c) Significance S. (d) Signal to background ratio r in %. 

Figure 3: Signal cross section (a), background cross section (b), significance (c), and signal to 
background ratio (d) for -^/s = 500 GeV, and an integrated luminosity/^ = 500 fb" 1 for scenario 
C: M = 200 GeV, M 1/2 = 415 GeV, A = -200 GeV, and tan/? = 10, see Tables □ and EJ 
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